We report the fabrication of porous GaN nanostructures using UV-assisted electroless etching of bulk GaN layer grown on c-plane sapphire substrate in a solution consisting of HF : CH 3 OH : H 2 O 2 . The morphology of the porous GaN nanostructures was characterized for different etching intervals using high resolution scanning electron microscopy. The geometry and size of resultant pores do not appear to be affected by the etching time; however, the pore density was augmented for longer etching time. Micro-indentation tests were carried out to quantify the indentation modulus for different porous GaN nanostructures. Our results reveal a relationship between the elastic properties and the porosity kinetics, i.e., a decrease of the elastic modulus was observed with increasing porosity. The photoluminescence (PL) and Raman measurements carried out at room temperature for the etched samples having a high degree of porosity revealed a strong enhancement in intensity. Also, the peak of the PL wavelength was shifted towards a lower energy. The high intensity of PL was correlated to an increase of scattered photons within the porous media and to the reduction of the dislocation density. V C 2012 American Institute of Physics. [http://dx
Porosity-induced relaxation of strains in GaN layers studied by means of micro-indentation and optical spectroscopy We report the fabrication of porous GaN nanostructures using UV-assisted electroless etching of bulk GaN layer grown on c-plane sapphire substrate in a solution consisting of HF : CH 3 OH : H 2 O 2 . The morphology of the porous GaN nanostructures was characterized for different etching intervals using high resolution scanning electron microscopy. The geometry and size of resultant pores do not appear to be affected by the etching time; however, the pore density was augmented for longer etching time. Micro-indentation tests were carried out to quantify the indentation modulus for different porous GaN nanostructures. Our results reveal a relationship between the elastic properties and the porosity kinetics, i.e., a decrease of the elastic modulus was observed with increasing porosity. The photoluminescence (PL) and Raman measurements carried out at room temperature for the etched samples having a high degree of porosity revealed a strong enhancement in intensity. Also, the peak of the PL wavelength was shifted towards a lower energy. The high intensity of PL was correlated to an increase of scattered photons within the porous media and to the reduction of the dislocation density. The fabrication of porous semiconductors has attracted a great deal of research interest in the field of sensing and epitaxy. Among the porous semiconductors being investigated, porous silicon receives enormous attention and has been investigated intensively. [1] [2] [3] [4] [5] However, porous silicon has unstable chemical and physical properties, such as its susceptibility to oxidation at high surface/volume ratio 6 as well as charge injection and trapping. 7 These limitations will likely hinder the advancement of porous silicon in practical applications. An attractive alternative is to enhance the development of other porous III-V semiconductor compounds, such as GaP, InP , and GaAs as well as the wide bandgap and corrosion resistant materials like GaN and SiC. [8] [9] [10] [11] [12] [13] Wide bandgap III-nitride semiconductors are generally grown on sapphire or SiC substrates. The GaN, sapphire, and 6H À SiC semiconductors have in-plane lattice constants of 3.189 Å , 4.758 Å , and 3.08 Å , respectively, and have a thermal expansion coefficients of 5.59 Â 10 À6 /K, 7.5 Â 10
À6
/K, and 4.2 Â 10 À6 /K, respectively.
14 The mismatches between the aforementioned constants and coefficients lead to high dislocation density at the interface of the overgrown layer, resulting in a high local stress field. Note that residual strain remains in the GaN layer, despite the partial relaxation of strain after the GaN epitaxial growth on the sapphire beyond a critical thickness of hundreds of nm. 15 Consequently, many investigations focused on achieving further reduction in residual strains and dislocation density. [16] [17] [18] [19] [20] [21] In particular, the development of porous GaN structure offers a significant enhancement with regards to the thermal, mechanical, and chemical stability as well as the potential to blue-shift of the band gap further into the ultraviolet region. 22 The fabrication of porous GaN structure was first developed by Bardwell et al. 23 by means of a metal-assisted electroless chemical etching technique. In a typical synthesis, an ultrathin Pt catalyst layer was deposited on the semiconductor where the exposed area was etched in a HF: CH 3 OH: H 2 O 2 solution. The catalytic reduction of H 2 O 2 at the Pt islands in conjunction with UV illumination injects holes into the semiconductor valence band and henceforth promotes the etching via the generation of oxidized atoms on the surface. The metal-assisted electroless etching method has proved to be an effective technique for the fabrication of the porous Si (Refs. 24 and 25) and the porous GaN (Ref. 22) nanostructures.
Herein, we report on the use of a UV electroless etching technique to fabricate porous GaN. The objective was twofold, i.e., to quantify the effect of porosity on the strains relaxation for the etched samples and to identify the impact of this relaxation on its optical properties using photoluminescence (PL) and Raman measurements.
II. EXPERIMENTS
The doped n-type GaN film used in this study was grown on a sapphire substrate, along the c-axis ð0001Þ, with a resistivity below 0.05 X cm. The thickness and carrier concentration of the GaN film were estimated to be 30 lm and 3.4 Â 10 17 cm
À3
, respectively. The GaN samples were cleaved and cleaned by sonication in acetone and followed by 2-propanol (i.e., 5 min in each solvent). It was then immersed in HNO 3 at 65 C for 15 min and subsequently rinsed in deionized (DI) water and methanol, respectively. Two narrow stripes Pt (10 nm in thickness) separated by a few millimeters were deposited on the GaN samples using a sputtering system. The samples were etched in a HF: CH 3 OH: H 2 O 2 (2:1:2) solution under UV lamp with 500 W power. After chemical treatment, the samples were removed from the solution and rinsed with DI water.
The morphology of the resultant surfaces was analyzed using a high resolution SEM "Nova NanoSEM FEI" instrument equipped with an in-lens detection and beam deceleration, which allow resolution at approximately 2 nm. The operating tension and beam current were set to 5 kV and 58 pA, respectively. The PL and Raman spectroscopy measurements were performed at room temperature using Jobin Yvon LabRAM HR 800 UV system. A He À Cd laser emitting at 325 nm and a diode-pumped solid-state (DPSS) laser emitting at 532 nm were used as the excitation sources for PL and Raman measurements, respectively. The incident laser power for both measurements was set to 20 mW. The mechanical properties of the asgrown and porous GaN samples were characterized using an instrumented ultramicro-indenter "Leica H100C" equipped with a Vickers indenter (diamond pyramid with a face angle of 136 ). A two-stage experiment was conducted whereby a maximum load of 100 mN was applied onto the GaN layer for 20 s and during the second stage a creep sequence was applied for 15 s at the maximum load. Microhardness was calculated from the depth measurement of the indenter inside the material at the end of the creep time. The difference in the depth between the end and the beginning of creep gives an indication of the creep tendency of the material. The indentation modulus was obtained from the slope of the unloading curve, after the creep time. Two or three series of 49 indentations (square of 7 Â 7 indentations) were performed on each sample in order to omit any scattering that may have occurred from the measurements. Figure 1 illustrates the SEM of the porous GaN samples prepared using two etching times (a) 45 min and (b) 90 min. At higher magnification, both samples reveal the presence of uniform pores with an ellipsoidal morphology. However, it was observed that the pore density of the sample etched for 90 min was quite higher, as further confirmed by enhancing the threshold features of the image, e.g., Fig. 2 . The diameter of the average cylinder-like pores are estimated to be $65 nm, whereas the average coalesced pores are much larger, i.e., in the range of $100 nm to $380 nm. It is noteworthy to mention that the presence of elongated pores is due to the merging of cylinderlike pores as the etchant thins the sidewall of the pores as they become closer. This is likely related to the high pore density obtained for longer etching time. This is especially evident for the sample etched for 90 min. Moreover, the enhancement of the threshold features of the images (Fig. 2) allowed measuring the porosity that was estimated to be 17.5% and 32% for the samples etched for 45 min and 90 min duration, respectively.
III. RESULTS AND DISCUSSIONS
The results of the micro-indentation tests are given in Table I . For all samples considered in this study, the microhardness and the indentation modulus drastically decrease when the etching duration is increased. For the sample etched for 45 min, the micro-hardness and indentation modulus were found to be 6.23 GPa and 172 GPa, respectively, and for the sample etched for 90 min, they were found to be 1.23 GPa and 91 GPa, respectively. The scattering was insignificant for the as-grown GaN layer but appears to be higher for the etched samples. The indentation modulus obtained for as-grown sample (i.e., 275 GPa) is in agreement with the values given by Kisielowski et al. 16 The decrease of the micro-hardness and the indentation modulus corresponds to a stress relaxation linked to the etching process. The creep tests were conducted on these samples at a maximum load of 100 mN; the measured strains relaxation appeared to be low and comparable for all tested samples, e.g., $1% to $1.8% for the etched samples and as-grown sample, respectively. This means that the maximum load of 100 mN did not introduce additional strain relaxation to the porous samples. This is another argument to support that the observed microhardness and indentation modulus decreasing is directly related to the formation of the pores during the etching process. In order to quantify the relationship between porosity and stress relaxation, the ratio E/E 0 (E and E 0 are the Young modulus for the porous GaN samples and the as-grown sample, respectively) versus porosity (P) is given in Fig. 3 . The dependence of E/E 0 ratio on porosity obeys to the law of mixture given by the following equation: 
where a is a constant directly linked to the geometry of the pores as described earlier by Rossi. 26 Based on his model applied to spherical pores, Rossi approximated a for a material having a Poisson ratio of 0.2 by the equation
where a and b are, respectively, the major and minor axes of the pore ellipsoidal like shape. This equation applies quite well to the GaN films, 16 which exhibits a Poisson ration of Interestingly, these results reveal that this etching technique is an efficient method to be used in the development of pores with respect to the mixture law that allows predicting the loss of elastic properties. Indeed, the electroless etching technique kinetics monitors the porosity and in fine allows measuring the E/E 0 ratio. The reduction in elastic properties in turn gives information of the strain relaxation experienced by the material according to Hook's Law
where r is the axial stress, E is the Young modulus, and e is the elastic strain. Based on the optical properties examination of the porous GaN material, the estimated values of in-plane and compressive strains relaxation will be given in Table III. Indeed, a strong enhancement in PL intensity was observed in all etched samples as compared to that of the as-grown sample, e.g., 3 times (Fig. 4) . The PL intensity increases when the 3. E/E 0 ratio dependence on porosity P where E 0 and E are the indentation modulus of the as-grown and porous sample, respectively: porosity is increased which can be attributed to the reduction of dislocation density, an increase in photon extraction efficiency and the existence of scattering sidewalls in the GaN porous nanostructures as described elsewhere. 27 In parallel, Raman spectra for both etched porous GaN samples and the as-grown sample are shown in Fig. 5 . The phonon peak positions of samples are summarized in Table II . The Raman intensity of the two porous samples also appears to be enhanced after etching process; the reason being the same as for the enhancement of the porosity-induced PL intensity. The Raman spectra reveal that the E 1 (TO) peaks are visible for the etched samples, whereas the A 1 (TO) was only observed for the sample etched during 90 min. The presence of the TO peaks, which is actually forbidden according to Raman selection rules when the samples are measured in the back-scattered configuration, is a signature of the optical properties change as a result of the porosity. The E 2 peak positions are located at 570.0 cm À1 , 568.5 cm
À1
, and 570.0 cm À1 for the samples that underwent etching times of 45 min, 90 min, and for the as-grown sample, respectively. Note that the shift in the E 2 peak for the 45 min sample is to be neglected; this is likely due to the limitations imposed by the CCD-based Raman spectroscopy, i.e., Dx ¼ 0:5 cm À1 . However, a larger shift of Dx ¼ 1:5 cm À1 towards the lower wave number was measured for the sample that underwent a 90 min etching duration. In addition, a new mode appeared for the sample etched for 90 min at 720 cm
. This peak is attributed to Fröhlich mode due to the anisotropy etching. This latter has also been reported in columnar GaN prepared by illumination assisted anodic etching. 28 We anticipated the GaN epitaxy to experience a residual biaxial or in-plane tensile strain (e xx ¼ e yy ) due to the fact that GaN has a smaller in-plane free-space lattice constant compared to that of the sapphire substrate. On the other hand, the lattice along the growth direction experiences uni-axial compressive strain (e zz ), as dictated by the Poisson effect. These physical quantities can be evaluated using Raman spectroscopy as per the following equations:
where r xx and r zz are the in-plane and compressive stresses, respectively. Dx is the Raman shift, K is the absolute calibration constant for the Raman shift Dx, and is the Poisson ratio. K was reported to be equal to $4.2 cm
/GPa (Refs. 16 and 29) and $2.56 cm À1 /GPa. 19, 30 This scattering of K values was highlighted and discussed by Harima. 31 The combination of the Eqs. (3)- (5) permits linking the in-plane and compressive strains, respectively, to the Raman shift measured on porous GaN samples
Table III gives the strains relaxation deduced from the Raman shift measured on porous GaN samples etched for 90 min for different given literature values of K. This result, when compared to the creep tests performed for different samples at a maximum load of 100 mN, clearly shows that the pores generated by the electroless etching technique introduce significant relief of strains by increasing dislocation traps (side walls increase the free surface at the vicinity of the active dislocations). This results in low creep relaxation measured during the indentation tests. Furthermore, since the as-grown sample contains a high dislocation density due to the lattice mismatch between the GaN layer and sapphire substrate, it shows higher strain relaxation during the creep tests. This shows a high-energy dissipation due to the pre-existing internal stresses. Moreover, even if the measured strain relaxation is relatively low, it is still of great importance for the GaN sample because it belongs to a class of materials that exhibit a very high Young modulus. These are usually called brittle materials because they have a very low deformation at failure thereby avoiding high strain relaxation. In summary, this study confirmed that a low cost controlled etching technique is an efficient method for decreasing strain relaxation in a highly constrained GaN film grown on a sapphire substrate. The strain relaxation decrease, measured by two different techniques namely micro-indentation and Raman spectroscopy, was found to significantly enhance the optical properties of the porous GaN.
IV. CONCLUSION
A UV-assisted electroless etching technique was carried out on a GaN film grown on a sapphire substrate. A porosity time dependence was evidenced and the relationship between porosity and reduction in elastic properties was determined, which appeared to obey to the mixture law:
A strong correlation between the porous GaN nanostructures and the relaxation of the in-plane and compressive strains was established. The strain relaxation was quantified using creep tests and Raman spectroscopy. Additionally, its impact on optical properties of GaN was examined. Indeed, the PL measurements reveal that the peak PL positions of the porous GaN samples were red-shifted. This was attributed to the relief of the uni-axial stress in the porous GaN samples. The PL intensities of the porous GaN samples increased with etching duration due to an increase in the PL extraction efficiency, and light scattering from the sidewalls of the GaN crystallites, as well as a reduction of the dislocation density.
